Considering recycling as the first option in the hierarchy of sustainable waste management, and also the demand for efficient processes for wastewater treatment with reduced costs, the potential applicability of Romanian Abies alba bark, the main waste from the industrial processing of the wood of mature silver fir trees, as sorbent for Cu(II) has been studied in batch conditions. It was observed that the extent of Cu(II) sorption is strongly dependent on initial solution pH, sorbent dose, initial Cu(II) ion concentration, temperature and contact time. Equilibrium data fitted very well with both Langmuir and Freundlich isotherm models. The Langmuir maximum sorption capacity of Cu(II) ions on Abies alba bark waste was found to be 7.80 mg/g at 293 K. Kinetic studies showed a high affinity of the sorption experimental data to the pseudo-second order model. Gibbs free energy was spontaneous for all interactions and the sorption process exhibited endothermic enthalpy value. The waste of Abies alba bark was successfully used for the sorption removal of Cu(II) ions from industrial electroplating wastewaters.
INTRODUCTION
Tree bark is a readily available and renewable resource, amounting to about 7% of the total weight of a tree and 12% of its total volume (Duret et al. ) . It is also an important residual biomass arising from forestry operations and industrial processing of tree trunks for timber or pulping (Miranda et al. ) . The total annual production of bark is approximately 6-8 millions tons in Europe and 20 millions tons in the USA (Ogunwusi ) .
Currently wood bark is disposed of via burning or waste disposal, generating atmospheric pollutants harmful to the environment and to human health (Zhang et al. ) .
In recent years, there has been a renewed interest in biomass utilization as a raw material for production of chemicals, materials and energy, and studies have been developed focusing on the concept of biorefineries, i.e., to use biomass more efficiently by extracting valuable chemicals and materials (Tuck et al. ; Mandhu et al. ) . Under this biorefineries concept, the main utilization possibilities for bark are: energy generation by incineration or other thermochemical processes (such as charcoal production or pyrolysis); composting material production using either the whole bark or only fractions (e.g. cork and fibers); chemical production by extraction of soluble materials or by chemical modification; and as an adsorption resin from a biological origin for the removal of pollutants (Sȩn et al. ) .
The structure and chemical composition of bark vary not only among the different tree species but even within the same species, depending on the age, the height and the growth conditions of the tree (Sȩn et al. ) .
However, the strong heavy metal sorption capacity displayed by different bark species has been attributed to bark pectin and tannin, and more precisely to their respective carboxylic and phenolic groups, which can bind metal ions (Jauberty et al. ) . By their efficient use as sorbents for the removal of environmentally relevant heavy metal ions, the barks can be converted into high value, sustainable biomaterials for the treatment of wastewaters. Thus, the results of study on the sorptive potential of Eucalyptus bark showed that the bark is an excellent sorbent for removing Cd(II) from wastewater with an efficiency as good as traditional sorbents but less cost (Ghodbane et al. ) . Boving et al. () studied various forest wastes including bark in relation to Cu(II) sorption, and concluded that bark was the most effective filtration medium of all the sorbents tested. Acacia leucocephala bark powder could be used as an effective, low-cost, and environmentally friendly sorbent for the removal of Cu(II), Cd(II) and Pb(II) ions from aqueous solution (Munagapati et al. ) . Romanian pine bark is a promising material for the development of a low-cost sorption technology for the removal of Cu(II), Zn(II) and Cd(II) ions from aqueous streams (Amalinei et al. ; Tofan et al. ) . Modified loquat (Eriobotrya japonica) bark was successfully used for the sorption of Ni(II) ions from synthetic and industrial electroplating effluents (Salem & Awwad ) .
The silver fir tree (Abies alba Mill.) is a coniferous species in the family of Pinaceae that is widely spread across Europe. In Romania, it grows naturally in the Carpathian Mountains, but it is also planted due to its economic, environmental and social importance. The silver fir tree occupies 5% of the Romanian forest area, being the second most common coniferous tree, as a percentage, after spruce. The wood of mature Abies alba Mill. trees is used as a raw material in the furniture industry or as a building material. The main waste from the industrial processing of the wood of mature silver fir trees is the bark. The possible therapeutic applications of Romanian Abies alba bark waste and its antioxidant potential have been emphasized (Vasincu et al. ) . This study proposes another way of valorizing Romanian Abies alba bark waste, with the scope to provide a low-cost sorbent with good performances in the removal of Cu(II) from wastewaters. Cu(II) was chosen for this work due to the fact that Cu(II) containing wastewaters are extensively released from different industries, and its excessive entry into the food chain results in serious health impairments, carcinogenicity and mutagenesis in various living organisms (Bilal et al. ) .
METHODS

Plant material
Patches of Abies alba Mill. bark were collected in the Calimani Mountains (Romania). A full-grown tree was randomly selected for collection. The species was identified and authenticated by specialists from the Botanical Garden, Iasi, Romania. The bark was shade-dried at room temperature for 2 weeks and powdered in a knife mill. A voucher sample was deposited in the Department of Pharmacognosy, Faculty of Pharmacy, 'Gr.T. Popa' University of Medicine and Pharmacy, Iasi, Romania. Before use, the natural material was washed with deionized water several times and then dried at 40 W C for 24 h.
Stock solution
Analytical grade copper sulfate, CuSO 4 ·5H 2 O (Sigma-Aldrich), of the required quantity was dissolved in double distilled water to prepare a stock solution. In order to study the effect of medium acidity on the sorption process, a solution of H 2 SO 4 with a concentration of 10 À2 mol/L has been used (340-A/SET 1 pH-meter). The stock solution was diluted with double distilled water to obtain solutions of various concentrations. The industrial wastewater that was used in the batch sorption removal studies had been collected from a local industry (an electroplating plant).
Sorption procedure
Batch sorption experiments for Cu(II) retention onto silver fir tree bark were performed according to the procedure presented in Figure 1 . The absorbance measurements were performed using an atomic absorption spectrometer 210 VGB Buck Scientific model (USA).
The parameters characteristic to metal ion sorption by Abies alba bark were calculated with the following equations:
Retained amount of metal ion, q(mg=g) q ¼
where: C 0 ¼ initial concentration of metal ions (mg/L); C ¼ cation concentration after sorption (mg/L); V ¼ volume of solution (L); G ¼ weight of bark (g).
Fourier transform infrared spectroscopy (FTIR) characterization
The infrared spectra of the biomass samples before and after metal uptake were recorded, using an FTIR spectrometer Vertex 70 model (Bruker-Germany).
Equilibrium, kinetic and thermodynamic studies
Quantification of the sorption interactions is fundamental to the evaluation of potential implementation strategies. The sorption phenomena can be expressed as batch sorption isotherm curves (plotting the dependence between the amount of species adsorbed per unit mass of sorbent (q) and its residual equilibrium concentration (C) in the solution phase, q ¼ f(C), at a given temperature). These can be modeled by mechanistic or empirical equations; the former can explain, represent and predict the experimental behavior, while the latter do not reflect the experimental curves (Manohar et al. ). Empirical models involving 2, 3 or 4 parameters can be used to fit batch equilibrium isotherm curves (Manohar et al. ) . Among these, the most commonly used are the Langmuir and Freundlich isotherm models (Table 1) , which were applied in this study. Kinetics studies provide important information about the possible mechanism of sorption that involves diffusion (bulk, external and intraparticle) and chemical reactions. Among the various models that are available in the reported literature, the models based on the order of chemical reaction are of particular interest. Thus, most attention is focused on the Lagergren (pseudo-first order) and Ho (pseudo-second order) models, which are based on the assumption that the rate of sorption is proportional to the number of free sites on the surface of the sorbent in the proper power (first or second). The equations of the pseudo-first order and pseudosecond order kinetic model are summarized in Table 1 .
In order to fully understand the nature of the sorption, the thermodynamic parameters such as free energy (ΔG), enthalpy (ΔH) and entropy (ΔS) changes have been calculated (Table 1) .
RESULTS AND DISCUSSION
Characterization of the sorbent
The bark from softwood Abies alba is structurally heterogeneous. Previous studies showed that the major chemical components of the raw Romanian Abies alba bark are cellulose (48.24-58.32%) and lignin (29.20-33.30%) (Nagy et al. ) . Its ash content (as a measure of the concentrations of the inorganic components) is 0.12-0.46% (Nagy et al. ) .
To identify the chemical structure, infrared spectrometry has been used. IR spectra of the bark of Romanian Abies alba Mill. before (S1) and after Cu(II) ion sorption (S2) are presented in Table 2 . FTIR spectroscopy was employed to identify the functional groups that may be involved in the studied process. The morphological structure of the bark and Cu(II)-bark was also studied by scanning electron microscopy (SEM) ( Table 2 ). The SEM images (Table 2) clearly show the morphological changes occurring on the surface of the sorbent after the reaction with a solution containing Cu(II) ions. Biosorption roughness attenuation was observed, which could be due to the effective adsorption of Cu(II) ions in the cavities and pores of Abies alba bark. FTIR studies revealed that several functional groups present in the Abies alba bark are able to bind the Cu(II) ions, and the sorption process occurs predominantly by chemical interactions. Physical and chemical characteristics of the Romanian bark suggest that this material could be a good biosorbent for heavy metal ions.
Batch studies of Cu(II) ion sorption on Abies alba bark waste
The evaluation of the Abies alba bark waste as a sorbent was done after running batch experiments in order to determine the effect of: (i) initial solution pH; (ii) sorbent dose; (iii) metal ion concentration (fitting to Langmuir and Freundlich equations); (iv) temperature; and (v) contact time (kinetics fitted to linear pseudo-first and second order equations) on the retention of Cu(II) ions from aqueous effluents by silver fir bark.
Effect of initial solution pH
The initial solution pH is known as one of the most important parameters that affects the protonation of the surface functional groups on sorbents as well as metal chemistry 
Langmuir constants: q 0 is the maximum capacity of sorption, corresponding to the sorbent surface and K L is the equilibrium constant (Langmuir) Determination of the Langmuir constants: from the intercept and slope of the corresponding linear Langmuir plot, expressed by the following equation:
Freundlich constants: K F and n are related to all factors affecting the retention process: sorption capacity (K F ) and energy of sorption (n), respectively. Determination of the Freundlich constants: -from the plot of the logarithmic Freundlich equation:
where q e and q t are the amounts of cation (mg/g) sorbed at equilibrium and at time t, respectively Kinetic parameters k 1 -rate constant of pseudo-first order model sorption (min À1 ).
KINETICS
Pseudo-second order model (Ho model 
where q e and q t are the amounts of cation (mg/g) sorbed at equilibrium and at time t, respectively Kinetic parameters k 2 -the rate constant of the pseudo-second order model h ¼ k 2 ·q e 2 (mg g À1 min À1 ) can be regarded as the initial sorption rate constant of the pseudo-second order sorption (g mg À1 min À1 ). -2,950-2,800 cm À1 -attributed to C-H asymmetrical and symmetrical stretching.
-The peaks observed at 2,950-2,800 cm À1 can be assigned to the CH 2 group.
-1,650-1,550 cm À1 -Represents the stretching vibration of C ¼ O bonds.
-1,375-1,200 cm À1 corresponding to the stretching vibrations of C-O from phenolic groups.
-1,107-1,033 cm À1 -assigned to alcoholic C-O and C-N stretching vibration.
IR-spectra for: (a) S1-silver fir bark; (b) S2-silver fir bark-Cu(II) ions SEM image of Abies alba bark SEM image of Abies alba bark-Cu(II) in water. It must be emphasized again that Abies alba bark contains cellulose based plant fibers with many hydroxyl and carboxyl groups that are responsible for binding Cu(II) from aqueous solutions. The influence of initial pH in the Cu(II)-Abies alba bark batch sorption system was carried out with solutions of 72 mg Cu(II)/L initial concentration and in the range of initial pH 1-5.0 (Figure 2) . Copper sorption by silver fir bark on initial pH above 5 was not performed in order to avoid the precipitation of Cu(II) ions.
It is evident from Figure 2 that the sorption of Cu(II) ions was very little in the initial pH range of 1-2. A gradual increase in the sorption capacity of Cu(II) took place with an increase in the initial pH from 2.0 to 5.0.
At low pH values, meaning high concentrations of H þ ions, the surface of the bark is positively charged due to the protonation of the superficial functional groups, and the repulsive forces limit the approach of the Cu 2þ ions (Ozdes et al. ) With the initial pH increasing, the bark surface is negatively charged, plausibly due to the dissociation of the functional groups (hydroxyl, carboxyl,), and the Cu(II) ions in solution were strongly attracted to the surface of bark, leading to increased Cu(II) uptake (Yao et al. ) .
In this context, the influence of bark dose, Cu(II) initial concentration, temperature and contact time was performed with solutions of initial pH 4.5-5. This finding is in good agreement with literature data reporting that the metal sorption on barks normally occurs under slightly acidic conditions (Sȩn et al. ) .
Effect of bark dose
A parameter with significant influence in the batch sorption systems is the dose of the sorbent. Cu(II) sorption onto by Romanian Abies alba bark as function of sorbent dose range from 4 to 40 g/L is given in Figure 3 .
It is observed from Figure 3 that the Cu(II) removal efficiency significantly increased from 19% to 83% as the dose of bark increased over the range of 4-20 g/L. This trend could be explained as increasing sorbent doses increasing the amount of 'active sites' available for the sorption of Cu(II) and, consequently more sorption occurred (Yuvaraya et al. ) A further increase in bark dose over 20 g/L did not lead to an appreciable increase in Cu(II) removal efficiency. This behavior could be explained by the fact that the overlapping or aggregation of the active sites at higher dose results in a decrease in the total sorbent surface area (Yargic et al. ) .
Effect of Cu(II) concentration in initial solutions
The initial concentrations of metal ions have a strong effect on the sorption capacity of various sorbents (Michalak et al. ) This is due to the fact that the initial concentration acts as a driving force to overcome mass transfer resistance for metal ion transport between the solution and the surface of the sorbent (Arief et al. ).
The influence of metal ion concentration on Cu(II) sorption by Romanian Abies alba bark waste is recorded in Table 3 . It can be seen from Table 3 that the amount of Cu(II) retained on the tested silver fir bark (q) increased with increasing metal ion concentration, while the Cu(II) sorption percentages (R%) decreased. The increasing trend may be attributed to the increase in the driving force of the Cu(II) concentration gradient produced by the increase in the initial metal ion concentration. The lower sorption percentages at higher Cu(II) concentrations might be closely associated with insufficient binding sites for sorption or to Figure 4 shows the Langmuir (a) and Freundlich (b) sorption isotherms of the investigated bark at three different temperatures.
Sorption isotherms
The Langmuir isotherm occurs on a homogeneous surface by monolayer sorption without any interaction between the sorbed ions (Foo & Hameed ) . Table 4 characterizes the Cu(II) sorption on the bark under study by means of the Langmuir constants obtained from the corresponding linear Langmuir plots. The relatively high values of the K L Langmuir constant from Table 4 involve strong bonds between sorbed Cu(II) ions and silver fir tree bark. At the same time, the values of q 0 Langmuir constant (maximum sorption capacity), expressing the availability of sorption sites, suggest the possibility of an efficient use of Romanian Abies alba bark in the treatment of effluents with a low copper content. The Freundlich isotherm model assumes multilayer sorption, and that the sorbents are heterogeneous without a uniform distribution of affinities (Foo & Hameed ) . The information deduced from the Freundlich parameters in Table 4 showed that Cu(II) was favorably sorbed by Romanian Abies alba bark due to n values that were higher than 1.0 (Yargic et al. ) .
To compare the Langmuir and Freundlich isotherm models, the experimental data were statistically processed by linear regression. High values of the linear regression correlation coefficients (R 2 ) for both Langmuir and Freundlich plots (Table 4 ) suggest homogeneous and heterogeneous distribution of active sites on the surface of Romanian Abies 
Effect of temperature
As can be seen from Figure 4 , the temperature has a favorable effect on the Cu(II) silver fir tree bark sorption system. Both Langmuir and Freundlich constants (Table 4) increase with increasing temperature, showing that the sorption capacity and intensity of sorption are enhanced at higher temperatures. The increase in sorption with temperature increase may be attributed to either an increase in the number of active sites present on the surface of the sorbent or an increase in the attractive forces between the metal ions and the sorbent (Yuvaraya et al. ) .
Effect of contact time
The effect of contact time in the Cu(II)-silver fir tree bark batch sorption system is shown in Figure 5 .
As shown in Figure 5 , the sorption of Cu(II) by Romanian Abies alba bark was very fast in the beginning, and it became slow with increase in the contact time for two different initial Cu(II) ion concentrations. The process of Cu(II) sorption on Romanian Abies alba bark reached equilibrium at 120 minutes. No significant enhancement of the removal efficiency was observed with further increasing contact time. The rapid uptake of Cu(II) in the initial period was due to a larger surface area of sorbent being available for Cu(II) sorption by Abies alba bark (Yargic et al. ) . Later, as the sorbed Cu(II) forms a monolayer, the capacity of the silver fir tree bark gets exhausted and then the uptake rate is controlled by the rate at which the Cu(II) ions are transported from the exterior to the interior sites of the bark (Yargic et al. ) . It is also relevant that, since active sorption sites are a fixed number and each active site can sorb one ion in a monolayer, the metal uptake by the sorbent surface will be rapid initially and then slows down as the competition for active sites intensifies by the metal ions remaining in the solution (Yargic et al. ) .
Kinetic parameters of Cu(II) sorption on Romanian Abies alba bark
The pseudo-first and pseudo-second order kinetic models were used to determine the mechanism of the Cu(II) sorption process on the fir bark under study. The kinetic parameters derived from the plots of the linearized form of the pseudo-first order and pseudo-second order equations are listed in Table 5 , along with the corresponding correlation coefficients (R 2 ).
According to R 2 values, it is obvious that the experimental data for Cu(II) ion sorption on the tested silver fir bark show a better compliance with the pseudo-second order kinetic model. A similar behavior has been observed for the sorption of Cu(II) ions from aqueous solutions onto Romanian Pinus sylvestris L. bark waste and powder of fir bark (Amalinei et al. ; Su et al. ) . Moreover, the calculated q calc values of the pseudo-second-order model are in close agreement with the experimental q exp values. This result shows that a chemisorption mechanism most likely controlled the sorption of Cu(II) by Romanian silver fir tree bark. Furthermore, the sorption rate depends on the concentration of Cu(II) ions on the silver fir bark surface (Table 5) .
Thermodynamic parameters of the sorption process of Cu(II) ions on Romanian Abies alba bark
The thermodynamic parameters, free energy change (ΔG), enthalpy change (ΔH) and entropy change (ΔS) were calculated on the basis of Langmuir constant K L at different temperatures, and are recorded in Table 6 .
The negative values of free energy change (ΔG) show the feasibility of the process and the spontaneous nature of Cu(II) sorption on the silver fir bark under investigation. The ΔH positive value is characteristic for an endothermic process, favored by temperature increasing. Although not very high, the positive value of ΔH can be interpreted on the basis of considerably strong interactions between the Cu(II) ions and the bark surface. Table 6 also shows that the ΔS value was positive. This can occur as a result of the redistribution of energy between the Cu(II) ions and the bark. Before the sorption occurs, the Cu(II) ions near the surface of the sorbent will be more ordered than in the subsequent sorbed state, and the ratio of Cu(II) ions to ions interacting with the silver fir bark will be higher than in the sorbed phase. As a result, the distribution of the rotational and translational energy among a small number of molecules will increase with increasing sorption by producing a positive value of ΔS, and the randomness will increase during the sorption process (Hefne et al. ) .
Comparison study of Romanian Abies alba bark with other sorbents based on bark wastes
Compared with other sorbents based on bark wastes for the aspect of capacity (Table 7) , Romanian Abies alba bark has a reasonable Cu(II) sorption capacity, and even if not the best for Cu(II) removal, it is a viable and promising alternative. If taking into account the abundance, availability and cheapness, waste of Romanian Abies alba bark it is also a good candidate for the sorption removal of Cu(II) from contaminated waters.
Applicability
The applicability of Romanian Abies alba bark as sorbent for the removal of Cu(II) ions from industrial wastewaters was evaluated in batch conditions. Table 8 gives the details of the composition of the industrial electroplating wastewater sample applied in this study before and after the sorption experiments. The results in Table 8 show that Cu(II) ion removal from the effluent is 90.29%. Other species present in the industrial electroplating wastewater were significantly minimized, though to a lesser extent.
CONCLUSIONS
• Romanian Abies alba barka low-cost and abundant forest byproductcould act as potential sorbent in the treatment of effluents with a low copper content.
• The optimum value of initial pH for Cu(II) ion sorption was found to be 4.5 to 5.
• The Cu(II) removal efficiency increased rapidly from 19%
to 83% with an increase in silver fir tree bark concentration from 4 g/L from 20 g/L.
• The amount of Cu(II) retained on the bark under study increased with the increase in metal ion concentration, while the Cu(II) sorption percentage decreased.
• The sorption isotherm studies clearly indicated that the sorptive behavior of Cu(II) ions on the Romanian Abies alba bark under study satisfies not only the Langmuir assumptions, but also the Freundlich assumption.
• The sorption kinetics for Cu(II) ion removal from aqueous solutions with an initial pH of 4.5 to 5 followed the pseudo-second order model.
• The calculated values for the isothermal thermodynamic parameters show that Cu(II) ion retention by silver fir tree bark is a spontaneous endothermic and chemical process.
• Compared with other sorbents based on bark wastes for the aspect of capacity, Romanian Abies alba bark has a reasonable Cu(II) sorption capacity.
• The utility of Romanian Abies alba bark has been demonstrated by removing Cu(II) along with other species from industrial electroplating wastewater. A concentration of Cu(II) as high as 5.25 mg/L in wastewater can be reduced to 0.51 mg/g.
